Ki>n HSJcar/ a NAgA a RM B AgLg27 


Copy 




i 

J 


130 


RM A51C27 



RESEARCH MEMORANDUM 


DRAG INTERFERENCE BETWEEN A POINTED CYLINDRICAL BODY 

AND TRIANGULAR WINGS OF VARIOUS ASPECT RATIOS 

AT MACH NUMBERS OF 1.50 AND 2.02 

By Elliott D. Katzen and George E. Kaattari 

Ames Aeronautical Laboratory 
Moffett Field, Calif. 


iSIFICATlON CHANGED T0 = 3 ^^: 
AUTHORITY OF /J/&L&L 



ENGINEERING DEPT. LIBRARY 
CHANCE-VOUGHT AIRCRAFT 
DALLAS, TEXAS 


CLASSIFIED 


This document contains classified Information 
meaning of the Espionage Act, USC 50:31 and 
manner to an unauthorized person Is prohibited 
Information so classified may be impart® 
States, appropriate civilian officers and, 
therein, and to United States citizens of “ 



Defense of the United States within the 
ision or the revelation of its contents In any 


ersons In the military and naval services of the United 
the Federal Government who have a legitimate Interest 
lty and discretion who of necessity must be informed thereof. 


NATIONAL ADVISORY COMMITTEE 
FOR AERONAUTICS 

WASHINGTON 

May 23, 1951 


NACA RM A51C27 


NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS 
RESEARCH MEMORANDUM 

< DRAG INTERFERENCE BETWEEN A POINTED CYLINDRICAL BODY 

AND TRIANGULAR WINGS OF VARIOUS ASPECT RATIOS 

* ’• • 

" AT MACH NUMBERS OF 1.50 and 2.02 

By Elliott D. Katzen and George E. Kaattari 

SUMMARY 


In order to investigate the effects of drag interference on wing- 
body combinations, tests were conducted at Mach numbers of 1.50 and 
2.02 with a pointed cylindrical body, with six triangular wings having 
aspect ratios from O .67 to 4.00, and with the wings and the body in 
combination. Experimental drag results were obtained for a nominal 
angle-of -attack range of ±5-5° and a constant Reynolds number of 5-5 
million based on the body length. The characteristics of the body, 
the wings, the combinations, and the wing-body interference were calcu- 
lated from the available theories and compared with the experimental 
results . 

The minimum drag coefficients of the body alone, as calculated by 
the method of characteristics with laminar and turbulent skin-friction 
coefficients added for the body in a smooth condition and with fixed 
transition, were in good agreement with the experimental values. The 
drag rise with angle of attack, as calculated by the method of NACA 
RM A9I26, 1949, was much lower than the experimental drag rise of the 
smooth body, but was in fair agreement with that of the body with tran- 
sition fixed. The data indicate that the transition point on the smooth 
body moved forward with increasing angle of attack, causing the skin 
friction. to increase. In general, the predicted minimum drag coef- 
ficients of' the wings (which included an estimate of the skin friction) 
were greater than the experimental values. The predicted minimum drag 
coefficients of the wing-body combinations were in good agreement with 
the experimental values. The better agreement for the combinations than 
for the wings alone was a result of the relatively greater accuracy in 
the calculation of the body drag which constitutes a large percentage of 
the combination drag. 

Calculation of the pressures at zero angle of attack on the wings 
in the presence of the body by the method of NACA RM A9E19, 19^9 > 
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indicated that the interference pressure drag was small for the present 
wing-body combinations if the wing alone were defined as the exposed 
half wings brought together. The experimental results indicated that 
the drag interference was principally the result of fixing transition 
by adding a wing. 


INTRODUCTION 


This report is the second of a series on interference effects 
between triangular wings of various aspect ratios and a pointed cylin- 
drical body. The first report (reference l) described the lift and 
pitching-moment interference; the present report is concerned primarily 
with the total drag interference, which is defined as the difference 
between the wing-body-combination drag force and the sum of the body 
alone and wing alone (exposed half wings brought together) drag forces. 

Nielsen and Matteson (reference 2) have presented a method of 
calculating the drag interference on a wing in the presence of a circu- 
lar cylindrical body. Moskowitz and Maslen (reference 3) have found 
that' calculated pressure distributions, based on the method of refer- 
ence 2, were in good agreement with pressure distributions measured 
over wing -body combinations with a rectangular and a triangular wing. 
The purpose of the present report is to extend the study of inter- 
ference to include a comparison of experimentally determined drag- 
interference. forces with values calculated by the method of reference 2 
(with skin-friction effects taken into account) for a series of tri- 
angular wing-body combinations, and to present a ’ comparison of the 
experimental and calculated drag results for the body and the wings 
alone and in combinations. 


NOTATION 


a ma x 
A 

An 


local body radius, inches 
maximum body radius, inches 
wing aspect ratio 

plan-form area of body, square inches 
mean aerodynamic chord ( ^ c r ) , inches 


(| Cr) , 
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c d 


c 


c r 


CD 


ACd 


C Dp 

CD f 


C f 


turb 



cross-flow-section drag coefficient of a circular 
cylinder 

wing apex chord, inches 

total drag coefficient based on total wing-plan-form, 
area for wings and combinations and on base area for 

body (<* - or q, - ^ 2 ) 

increment in drag coefficient due to lift ( C-q - C D rr) . n 

total minimum drag coefficient 

pressure drag coefficient 

skin-friction drag coefficient 

skin-friction coefficient based on wetted area 

skin-friction coefficient for turbulent flow at Reynolds 
number based on average chord of total wing for wing 
alone, on body length for body alone, and on average 
chord of exposed wing for the wing on the body 

skin-friction coefficient for laminar flow at Reynolds 
number based on average length of laminar area 


C‘ 


-P 

turb 


skin-friction coefficient for turbulent flow at 

Reynolds number based on average length of laminar 
area 


cl 


lift coefficient based on total wing-plan-form area for 
wings and combinations and on base area for body 



or 


( l Ita max‘ 


) 


D 


drag force, pounds 


AD 


increment in drag force due to lift, pounds 


%B + D BW 


total drag-interference ratio 




( PWB + °BW 

\ I*B + % 



Db + D w 


Dr + D w 


0 
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E 

K a 

Ka C 

L 

M 

P 

q. 

R 

s 

S 

t 

a 

<% 

7 

e 

7 

X 

Ao 

Al 


complete elliptic integral of second kind of modulus 

J 1 - (3 2 tan 2 e 


wing-angle ratio 
wing-body-combination-angle ratio 
lift force, pounds 
free -stream Mach number 




static-pressure coefficient, ratio of difference between 
local and free-stream static pressures to free-stream 
dynamic pressure 

free-stream dynamic pressure, pounds per square inch 

Reynolds number 

wing semispan, inches 

total wing-plan-form area as extended in figure 1 
(S = c r s) , square inches 


maximum wing thickness, inches 

angle of attack in radians unless otherwise specified 

rearward inclination of force due to angle of attack, 
radians 

•J M 2 - 1 


ratio of specific heat at constant pressure to specific 
heat at constant volume 

wing semiapex angle, degrees 

correction for three-dimensional effects on body 

modification factor to account for finite-wing aspect 
ratios 

sweep angle of wing leading edge, degrees 
sweep angle of wing midchord line, degrees 
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T 


thickness ratio 



Subscripts 


B 

C 


C-N 

N 

W 

WB 

BW 


body alone 

wing-body combination 
combination minus nose 
body nose 

wing alone (exposed half wings joined together) 

effetct of exposed half wings on body 

effect of body on exposed half wings (includes effect 
of separating half wings) 


EXPERIMENTAL CONSIDERATIONS 


The tests were performed in the Ames 1- by 3-foot supersonic wind 
tunnel No. 1. The apparatus and procedure are described in detail in 
reference 1. The models were tested through a nominal angle -of -attack 
range of ±5-5° at Mach numbers of 1.50 and 2.02 and at a constant 
Reynolds number of 0.5 million per inch. 


Models 


The body (fig. l) had a fineness ratio of 7*33 } a conical nose 
with a semiapex angle of 15°, and an ogival transition section fairing 
into a cylindrical afterbody. Tests were made with the body in a 
smooth condition and with transition fixed by a 0.003-inch-diameter 
wire*at 5 percent of the body length from the nose. Calculations indi- 
cated that the drag of the wire was negligible compared to that of the 
body. The geometrical properties and designations of the six wing 
models used in the investigation are summarized in table 1. The wings 
had symmetrical double-wedge airfoil sections in the streamwise direc- 
tion with a maximum thickness of 8 percent at the midchord. The wings 
were located along the cylindrical part of the body for all the 


6 


NACA RM A51C27 


wing-body combinations. A wing and a wing-body combination mounted in 
the wind tunnel are shown in figure 2. 

In order to estimate the support interference occurring in the 
wing-alone tests, pressures were measured inside the shroud shown in 
figure 2. The pressure 2 inches behind the opening in the shroud was 
the same as that at the far end of the balance for all test conditions. 
If any pressure difference across the wing support existed, it was con- 
fined to a small region near the tip of the shroud, and a conservative 
estimate for the effect upon the wing of lowest aspect ratio indicated 
a possible error in lift-curve slope of 0.5 percent. For wings of 
greater aspect ratio, this error was, of course, much less. The effect 
of the thin, beveled sting in modifying the lift of the wing was negli- 
gible; the effect on the drag was to cause a measurement that was about 
1 percent too large. The data were not corrected for this small error. 


Corrections to Experimental Results 


The experimental data have been corrected for nonuniform flow 
conditions in the tunnel test section. The longitudinal pressure 
gradients in the empty tunnel were assumed to act unchanged on the 
model in the tunnel, and it was found, in general, that the corrections 
to drag were small but not negligible. The maximum correction to drag 
coefficient for all configurations at both Mach numbers was 13 percent 
of the measured drag coefficient. 


Precision 


The precision of the data has been evaluated by the method out- 
lined in appendix A of reference 4 and in reference 1. This method 
includes an estimate of the precision of each measurement and the 
resulting uncertainty in each measurement. It also includes an estimate 
of the uncertainty involved in the corrections to the data.. The total 
uncertainty in the results is taken as the square root of the sum of 
the squares of the individual uncertainties. 

The following table lists the total uncertainty for all configu- 
rations at both Mach numbers: 
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Quantity 1 

Uncertainty 

Body 

Wings 

Combinations 

C L = 0 

^imiax 

0 

11 

J 

0 

^Lmax 

CL = 0 

^Imiax 

M 

±0.02 

±0.02 

±0.02 

±0.02 

+0.02 

±0.02 

C D 

±.0067 

±.0083 

±.0005 

±.0014 

±.0012 

±.0017 

C L 

±.009 

±.009 

±.009 

±.009 

±.009 

±.009 


^•The values for the uncertainty in Cl were taken from 
reference 1. 

2 The quantity Cl^y is the maximum Cl reached in the 
tests . 


THEORETICAL CONSIDERATIONS 


Body 


Minimum drag .- The minimum drag of a pointed body of revolution 
consists of pressure and skin-friction drag. The pressures on the nose 
of the cylindrical body of the present investigation were calculated by 
the method of characteristics (reference 5) and integrated to give the 
minimum pressure drag: 

Cn = 2 ( -2— ^ d \ (1) 

%> J 0 \ a max J \ a max J 


No attempt was made to predict the base drag because the measured 
drag data were adjusted to correspond to a base pressure equal to the 
static pressure of the free stream. The friction drag was calculated 
using the incompressible, flat-plate, laminar skin-friction law of 
Blasius s. 


C f 


1.328 

Jr 


( 2 ) 


because the effects of assuming a flat plate (reference 6) and the 
effects of compressibility on laminar skin friction (reference .7) were 
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theoretically found to be small in the present tests. For the same 
body with a 0.003-inch-diameter transition wire on the nose, von 
Karman's flat-plate, compressible, turbulent, skin-friction formula 
(reference 8) 


0.242 

ys? 

was used. 


1 + 


7 - 


■iM 2 ) 


» loglo (B Cf) - \ log l0 (l + (3) 




Drag rise.- The drag rise of the body with angle of attack, is 
given by the slender -body theory of Ward (reference 9) as 

AC d = | C L a = a 2 


(4) 


If the effect of cross-flow separation is taken into account, the 
theory of Allen (reference 10) gives the drag rise as 


ACd = a 2 + lied 


— — a 3 


c -,0 2 

nci max 


(5) 


For a cylinder with the same fineness ratio as, the present body, 

reference 9 gives tj= 0.65. This value, together with c fl =1.2, 

c 

has been used with equation (5) in determining the theoretical drag 
rise of the body. 


Wings 


Minimum drag .- The minimum pressure drag coefficients of the wings 
were computed from the linear theory of Puckett (reference ll) . The 
friction drag coefficient was assumed to be independent of angle of 
attack and was estimated from the formula (reference 4) 


ODf 


= 2 


c fturb " 


3 lam 


( 


C’f, 


turb 


- C'f 


lam 


) 


( 6 ) 


which assumes that the profile of the turbulent region was the same as 
if the boundary layer had been turbulent up to the transition point. 
The extent of laminar and turbulent boundary layer on the wings was 
estimated from the theoretical chordwise pressure distribution. The 
laminar area was assumed to extend over the region of favorable grad- 
ients- from the wing leading edge to the ridge line for wings with 
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subsonic ridge lines and from the leading edge to the Mach line emanat- 
ing from the apex of the ridge lines for the wings with supersonic 
ridge lines. The laminar and turbulent friction coefficients were 
calculated using equations (2) and (3), respectively. 

Drag rise . - The wing drag rise with angle of attack was calculated 
using the wing drag-rise factor (reference 4) 

ac d 


where K a defines the rearward inclination of the resultant force as a 
fraction of the angle of attack. The theoretical value of K a depends 
on the wing plan form and the Mach number and is given by 


K. 


a 


( dC^/da) 


(7) 



J 1 - g^tan^ 
2 E 


( 8 ) 


For triangular wings with supersonic leading edges (3 tan e > l) , K a 
is equal to one. The drag-rise factor is then 


AC P = 1 

Cl 2 ~ (dC L /da) 


(9) 


Wing-Body Combinations 


Minimum drag .- In order to predict the minimum drag of a wing-body 
combination, the interference effects of the wing on the body and of 
the body on the wing as well as the drag of the body and wings alone 
must be known. The pressures on the wing in the presence of the body 
were calculated by the method of Nielsen and Matteson (reference 2) . 
These calculations indicated that for the present wing-body combinations 
the interference pressure drag would not be large if the wing alone 
were defined as the exposed half wings brought together rather than as 
the total wing which was utilized for lift and pitching-moment inter- 
ference in reference 1. Since the drag of the body and wings alone is 
much more amenable to calculation than the interference drag, it is 
desirable to define the interference in such a manner that it becomes 
a small correction to the body and wing-alone drag. Thus, the minimum 
drag of the wing-body combinations was considered to consist of the sum 
of the drag of the body alone, the drag of the exposed wings joined 
together, the interference drag on the half wings resulting from sepa- 
rating the half wings and placing them in the presence of the body, and 
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the interference drag on the body resulting from placing the body in 
the presence of the exposed wings . These drag components were calcu- 
lated as follows: (a) The drag of the body alone was calculated as 

discussed previously, with the boundary layer assumed to be laminar. 

(b) The drag of the exposed wings joined together was calculated in the 
same manner as that of the total wing alone. Inasmuch as the wing 
aspect ratio was the same, the wing pressure-drag coefficient was the 
same as that of the total wing alone. However, the friction-drag coef- 
ficient was greater than that of the total wing because the Reynolds 
number was less for the exposed wing. (c) The interference pressure 
drag on the exposed wings due to the body, which includes the effect of 
separating the half wings and placing them in the presence of the body, 
was calculated by the method of reference 2. This procedure does not 
include the effect of the body nose on the drag of the exposed wings. 
Calculations indicate that this effect was negligible. Although the 
maximum interference pressure drag was 24 percent of the pressure drag 
of the exposed wings joined together (for W^B at M=1.50), with the 
wing alone as defined above it was never greater than 2 -pe rcent of the 
total drag of any of the wing-body combinations. It was assumed that 
the interference friction drag on the wings was negligible. This 
assumption was substantiated by experiments to be described later. 

(d) The interference pressure drag of the wings on the body at zero 
angle of attack was zero because the wings were located along the cylin- 
drical part of the body. It was assumed, and was also substantiated 
by experiments to be described later, that the interference friction 
drag of the wings on the body was a result of the wing shock wave caus- 
ing transition on the body at the intersection of the wing -leading-edge 
shock wave and the body. The interference friction drag of the wing 
on the body was then calculated as the difference between the friction 
drag on the body assuming part laminar, part turbulent skin friction, 
and the friction drag on the body with the boundary layer completely 
laminar . 

Drag rise .- The drag rise with angle of attack of the wing-body 
combinations was calculated as the sum of the drag rise of the body 
nose and .that of the winged part of the combinations 

ADq = ADjj + ^®C-N (10) 

where the winged part of the combination consisted of the exposed wings 
and the part of the body included between them. 

Equation (4), which does not include effects of cross-flow sepa- 
ration, was used to calculate the drag rise of the body nose. There is 
no inconsistency in calculating the drag rise of the body alone on the 
basis of equation (5) and that of the body, of the wing-body combinations 
on the basis of equation (4) inasmuch as the effect of cross-flow 
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separation on the body alone is small (theoretically a maximum of 2 
percent of the drag coefficient . of WiB at a=5-5°) and is less for 
the body of the wing -body combinations . This reduction, relative to 
that of the body alone, occurs because in the region of the wing the 
flow is directed along the wing] behind the wing, the downwash reduces 
the cross flow. 


In the calculation of the drag rise of the winged portion of the 
combination, an assumption was made that the same wing leading-edge 
suction factor K a can be applied as for the wing alone. This is 
valid as the wing aspect ratio approaches zero since Ka is equal to 
0.5 for both a wing and a wing-body combination for this limiting case. 
The assumption is also valid as the wing span becomes very large rela- 
tive to the body diameter since the effect of the body then becomes 
negligible. The wing-body-combination drag due to lift is then 

AD C = g + K a “^C-N C 11 ) 

Spreiter has shown (reference 12) that, if the wing-body combina- 
tion is slender, the lift coefficient of the winged part of the 
combination is 

- ha|f J tan £ (u) 

s 2 / 



It was shown experimentally (reference l) that equation (12) is appli- 
cable to combinations with high aspect-ratio triangular wings similar 
to those of the present tests when the equation is modified by the 
factor X. For triangular wings, the factor X is defined as follows: 

X = 


X = 

The lift coefficient of 

C L = 2m 1 ( 1 - T tan € (l4) 

L C-N \ s 2 / 


1 

E 


(3 tan e < 1 
(3 tan e > 1 


> 


(13) 


ir(3tan e 

the winged part of the combination is then 


By combining equations (4) and (l4), the drag due to lift of the combi- 
nation, in coefficient form, is 
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AC Dc = 2rta 2 


1 ^ ^lax ^ 2 


+ 


K a 1 


a max 2 \ 2 


J] 


tan € ( 15 ) 


The lift coefficient of the complete wing-body combination is 
(reference l) 


+ L C-N 

CL r — = 2ita 


J C qS 

Thus, the drag-rise factor is 


(^;J + X (i.fasjfJ] tan6 (16) 


AQ 


'Dr 




(17) 


For the cases in which no wing leading-edge suction is to he expected 
(supersonic leading edges) K a is equal to one. 


RESULTS AND DISCUSSION 


In order to isolate experimentally the total interference ratio 


P WB + d BW 
D B + D W ’ 


the characteristics of the body alone, the wings alone. 


and the combinations must be measured. The results of the tests to 
determine these characteristics are discussed individually and are 
presented in the form of drag coefficients as a function of the lift 
coefficients in figures 3 to 5 for the body, wings, and combinations, 
respectively. The results are- summarized in table II. From these 
data, the total interference ratio was determined. It must be pointed 
out that the experimental results for the wing alone pertain to the 
total wing. The term D^ in the interference ratio was obtained by 
applying the experimental drag coefficient of the total wing to the 
exposed wing area. This introduces- a skin-friction error in Dy but 
the resulting error in the drag interference ratio was negligible. 


Body 


The experimental and calculated drag polars for the body with and 
without a 0.003-inch-diameter wire at 5 percent of the body length from 
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the nose to fix transition are presented in figure 3* It "can "be seen 
that the experimental minimum drag coefficients for the body with and 
without the wire were in good agreement with the calculated values that 
included either completely laminar or completely turbulent skin-friction 
coefficients. However , the theoretical drag rise for the body without 
the wire was much less than that measured experimentally. This differ- 
ence can be attributed to the fact that no change in skin friction with 
angle of attack was assumed in the theory. The data indicate that this 
assumption was not valid and it is believed that the skin friction 
increased with angle of attack, probably a result of forward movement 
of the transition point. For the body with transition fixed, little 
change in skin friction was indicated and the experimental and theo- 
retical drag-rise values were in fair agreement. 


Wings 


Minimum drag . - The minimum drag coefficients of the wings alone 
are presented in figure 6 as a function of £ tan €. For values of 
(3 tan e greater than OA, the calculated minimum drag coefficients 
were larger than those measured experimentally. It was shown in refer- 
ence 1 that higher -order effects had a decided influence on the lift 
coefficients of 8-percent-thick triangular wings . Thus for the present 
wings, higher-order effects on the drag coefficients and differences 
between theoretical results calculated on the basis of the linear 
theory and experimental results are to be expected. For values of 
3 tan e less than OA, the flow over the wings was also expected to 
differ from that predicted by the linear theory because of the unusual 
nature of the flow known to exist over these low-aspect-ratio wings 
(reference 13) immediately behind the ridge line. Thus, the good 
agreement between the experimental and theoretical minimum drag coef- 
ficients in this range of values of (3 tan e was possibly a result of 
compensating factors . 


Drag rise .- The wing-alone drag-rise results are presented in 
terms of the drag-rise factor ACn/Cp 2 in figure 7(a ) , and in terms 
of the relative inclination of the change in the resultant force due 
to lift as a fraction of the angle of attack, K a , in figure 7(b) . The 
experimental values of ACp/Cp 2 were determined by evaluating the 
slopes of straight lines faired through plots of ACp versus Cp 2 * 

The experimental values of K a were determined by the product of 
dCp/da and ACp/Cp 2 . Comparison between theory and experiment would 
seem to indicate that, for the wings with subsonic leading edges, nearly 
all the predicted leading-edge suction was realized. However, this 
conclusion cannot be made because other factors such as a decrease in 
skin friction with an increase in angle of attack, or forward movement 
of the shock wave at the trailing edge (reference 1^) of the upper sur- 
face of the wing, would have the same effect on the drag as an 
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attainment of leading-edge suction. These same factors could also 
account for the fact that K a for the wings with supersonic leading 
edges was less than the theoretical value of unity. 


Wing-Body Combinations 


Minimum drag . - The minimum drag coefficients of the wing-body 
combinations are summarized in figure 8. It can be seen that the 
experimental and theoretical minimum drag coefficients were in good 
agreement — better agreement than that for the wings alone. This fact 
can be accounted for. by the large percentage of body drag in the drag 
of the combinations (theoretically 9^- percent for the lowest and 51 per- 
cent for the highest aspect ratio) . The body pressure drag was 1 analyzed 
by the method of characteristics, whereas the pressure drag of the wings ■ 
alone was calculated by linear theory. The greater accuracy in the pre- 
dicted body drag compared to that of the wing is evident in the results . 

The validity of the assumptions made in regard to the type of 
boundary-layer flow on the wing-body combinations at zero angle of 
attack is shown by the sketches in figure 9 which were made from liquid- 
film studies. It can be seen that the proportion of laminar and turbu- 
lent boundary layer on the wing alone was essentially the same as that 
on the wing in the presence of the body. However, the presence of the 
wing caused transition on the body at the juncture with the wing leading- 
edge shock wave. 

Drag rise . — The drag-rise characteristics of the wing-body combi- 
nations are presented in figure 10. It can be seen that the agreement 
was fair between the calculated values, which do not include leading- 
edge suction on the wings, and the experimental values. However, for 
the combinations with the lowest aspect-ratio wings, the calculated 
drag-rise factor ACp/ Cp 2 and the relative inclination of the change 
in resultant force KaQ, which include leading-edge suction on the 
wings, were approximately 50 percent of the experimental values. This 
difference decreased for combinations with higher aspect-ratio wings. 
Thus, the discrepancy between the calculations and experiment was largest 
in the range of values of p tan e where the assumption of wing leading- 
edge suction should be applicable. Why leading-edge suction was effec- 
tively realized for the wings alone and not for the wing-body combina- 
tions is not clear. 
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Interference Effects 

The components of the drag of a wing-body combination may be 
considered to be 


D c - % + Dr + + D bw 

where the wing alone is defined as the exposed half -wings joined 
together. The term Dbw is determined from the difference between 
the drag force on the wing alone and the drag force on the wing in 
the presence of the body. Thus Dpw is the effect of the body on the 
wing drag' force. Similarly, Dwb is the effect of the wing on the 
body drag force. The total interference ratio is defined as 

Pro + dbw = dc 

Dr + % Dg + Dw 

Thus, the total drag-interference ratio may be obtained from the drag 
forces of the wings alone, body alone, and combinations. 


Minimum drag . - The total drag-interference ratios at zero lift are 
shown as a function of the ratio of the wing semispan to the body radius 
and the wing aspect ratio in figure 11(a). Interference ratios are pre- 
sented using both the measured body-alone results (laminar boundary 
layer) and also these results adjusted for the effect of the wing in 
causing transition on the body behind the juncture of the wing leading- 
edge stiock wave and the body (see fig. 9) • It can be seen that the 
interference would be unfavorable (the drag of the combinations being 
larger than the exposed wing -plus-body drag) if the drag of the body 
with a completely laminar boundary layer were used as the basis for the 
interference. The measured interference drag varied from l8 percent of 
the drag of the combination having the smallest wing relative to the 
body to h percent of the drag of the combination having the largest 
wing relative to the body. Agreement between the interference calcu- 
lated by the method of reference 2, with friction effects taken into 
account, and the measured interference was good. The interference 
ratios were negligible with the body-alone boundary layer adjusted for 
the occurrence of transition behind the juncture of the wing leading- 
edge shock wave and the body. Thus, for configurations such as those 
tested, the interference drag force is caused principally by the effect 
of the wing~ on the boundary layer of the body. This would not neces- 
sarily be the case for wing-body combinations in which the wing was 
highly swept and contributed a major share of the drag of the combina- 
tion. To accurately predict the minimum drag of such a wing-body 
combination it would be necessary to calculate the interference by some 
method such as that of reference 2. It is noted that, if the Reynolds 
number of the present tests had been such that natural transition 
occurred on the body in front of the wing-body juncture, the drag 
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interference at • zero lift would have been negligible. This conclusion 
was borne out by tests on combination WgB with transition fixed on 
the body nose. Therefore, it is evident that Reynolds number effects 
on drag interference can be large. 

Angle of attack .- The total drag-interference ratios at an angle 
of attack of 5° are presented in figure 11(b) . The interference ratios 
are presented only with the smooth body results because there was little 
difference in the drag coefficients of the smooth body and of the body 
with fixed transition at the lift coefficient for <x=5°. (The lift 
coefficients at this angle of attack were taken from reference 1.) As 
for a=0°, the interference was unfavorable; but at a=5°, the inter- 
ference remained approximately constant through the range of wing 
aspect ratios and values of s/a max . The predicted and measured inter- 
ference were in unexpectedly good agreement because the interference 
was presented in ratio form and because of compensating factors. The 
predicted drag coefficients of the body were less than the experimental 
values, but, for the combinations with low-aspect -ratio wings, this was 
balanced by the fact that the predicted drag coefficients of the combi- 
nations were also less than the experimental values. For the combina- 
tions with high-aspect-ratio wings, the high body-drag coefficients 
(relative to the calculated values) were offset by the low wing-drag 
coefficients. 


CONCLUSIONS 


In order to evaluate interference, the drag of a pointed cylindri- 
cal body, of six triangular wings having aspect ratios of O .67 to' 4.00, 
and of the wings and body in combination were investigated experi- 
mentally at Mach numbers of 1.50 and 2.02. The experimental measure- 
ments for the body, wings, and combinations, as well as the interference 
data, were compared with values predicted by available theories. The 
results support the following conclusions: 

1. The minimum drag , coefficients of the body alone, as calculated 
by the method of characteristics with laminar and turbulent skin-friction 
coefficients added for the body in a smooth condition and with fixed 
transition, were in good agreement with the corresponding experimental 
measurements. The drag rise with angle of attack, as calculated by the 
method of NACA RM A9I26, 1949 , was much lower than the experimental drag 
rise of the smooth body, but in fair agreement with that of the body 
with transition fixed. The evidence indicates that the transition 
point on the smooth body moved forward with increasing angle of attack, 
causing the skin friction to increase. 
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2. In general, the predicted minimum drag coefficients of the 
wings (which included an estimate of the skin friction) were greater 
than the experimental values . 

t 

3- The predicted minimum drag, coefficients of the wing-body 
combinations were in good agreement with the experimental values . The 
better agreement for the combinations than for the wings alone was a 
result of the relatively greater accuracy in the calculation of the 
body drag which constitutes a large percentage of the combination drag. 

4. Calculation of the pressures at zero angle of attack on the 
wings in the presence of the body by the method of NACA RM A9E19, 1949, 
indicated that the interference pressure drag would be small for the 
present wing-body combinations if the wing alone were defined as the 
exposed half wings brought together. The experimental results indi- 
cated that the drag interference was principally the result of fixing 
transition on the body by adding a wing. 

Ames Aeronautical Laboratory, 

National Advisory Committee for Aeronautics, 

Moffett Field, Calif. 
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TABLE I.- SUMMARY OF GE (METRICAL PROPERTIES OF WINGS 


Wing 

W 1 


W 3 

W 4 

W 5 

W 6 

Sketch 

A 

■ 

m 

ra 

m 

H 

A 0 (deg) 

8o.4 

— 

71.6 

63.2 

56.0 

50.3 

45.0 

Ai (deg) 
2 

71.4 

56.2 

44.7 

3 6.6 

31.0 

26.6 

s (in.) 

1.25 

i .75 

2.25 

2.76 

3.24 

3.74 

c (in.) 
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4.95 

3.49 

2.97 

. 

2.73 

2.60 

2.49 

c r (in.) 

7.43 

5.23 

... 

4.45 

4.10 

3.90 

3.74 

S (in. 2 ) 

9.29 

9-15 

10.01 

11.30 

12.66 

13.99 

A 

0.67 • 

1.34 

2.02 

2.69 

3-33 

4.00 

T 

.08 

.08 

.08 

• 

0 

00 

CO 
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.08 
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Configuration 

Symbol 

Sketch 


Minimum drag 


Drag rise 


Kg(for wings) 

C D • hC n /C T 2 

111111 or K a ( for ccmib.) 


M =1.5'0 [M =2.02 M =1.50 M =2.02 M =1.50 M =2.02 



Notes: 1. In each case the experimental value is given 

corresponding theoretical value indicated in 
directly below. 


first and the 
parenthesis 


2. The theoretical drag rise values include full leading-edge 
suction on the wings and a wing leading-edge suction factor 
on the winged part of the combinations. ^tnaca~ 
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(a) Wing-body combination. 



(b) Wing alone. 

Figure 2.— Wing and wing-body combination mounted in tunnel. 
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Pressure drag o smooth body 

Pressure drag O Body with fixed 

-hiam. friction drag transition 
Pressure drag 



Lift coefficient, C L 


Figure 3. — Drag coefficient of body. 
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Mil j pressure drag 

Total drag Experiment 

(zero LE: suction) 

Total drag 

(full L.E suction) 



Lift coefficient, C L 


(a) Wing /. 

Figure 4. — Drag coefficient of wings. 
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(b) Wing 2, 

Figure 4. — Continued . 
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Wing 4 
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(d) Wing 4. 

Figure 4— Continued. 
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Figure 4. - Concluded. 
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\eory 

Min. pressure drag 

Total drag 

(zero L.E suction) 

Total drag 
(full L£. suction) 


liijiisni 


M = 1.50 


.2 .3 


Lift coefficient, C l 


M s 2.02 


L<ft coefficient, Cl 
( a) Combination W t B. 

Figure 5. — Drag coefficient of combinations. 






Drag coefficient, C D Drag coefficient , 


HACA RM A51C27 


Theory 



Mj n pressure drag 

Total drag 

(zero L.E suction) 

Total drag 

(full L.E suction) 


Experiment 

o 



Lift coefficient, Cl 


(b) Combination W Z B. 
Figure 5 — Continued \ 



Drag coefficient, C D Drag coefficient, C D 





Drag coefficient, Cd Dr og coefficient, Co 




Drag coefficient , C D Dra 9 coefficient \ C D 







Drag coefficient, C D Drag coefficient, C D 


MCA EM A51C27 


39 





W 6 B 


Theory 

pressure drag 

Total drag Experiment 

(zero L£. suction) 



JO 
.08 

.06 
.04 
.02 
O 

-4 -.3 -.2 -./ O ./ .2 .3 .4 


















— 










M = 2.02 



/ 


\ 













~7 

/ 

/ 



\ 

< 

L 











A 

r 





















& 









yjr — 









% 

'CJ'tD 


>-(X 

rl 

r 



















































\NACA^ ■ 

1 L_ 


Lift coefficient, Cl 
( f) Combination W 6 B. 
Figure 5 —Concluded. 
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Figure 6. —Minimum drag coefficient of wings. 
























min. 



Figure 8 —Minimum drag coefficients of wing-body combinations. 
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Figure 9. Sketches of boundary patterns made from liquid film studies of wing 6 and combination W 6 B 

at M s i.5, q~ 0° . 
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Supersonic leading edge 


' ieory 

Experiment 

M=t50 

-~o-M=i.50 

-M=2.02 

— □ — M=2.02 


Zero L.E suction 




Full LE. suction 


(a) Drag -rise factor. 


Zero L.E. suction 


Full LE -suction 


(b) Relative inclination of change in resultant force. 
Figure 10 — Drag-rise characteristics of wing- body combinations. 
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